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INCREASING THE AIR CHARGE AND SCAVENGING THE CLEARANCE VOLUME OF
A COMPRESSION-IGNITION ENGINE

By J. A. SPANOQLE,C. W. HICZS, and H. H. Fosma

SUMMARY

The object of tlu investigation presented in thti report
wa9 to determin4 tlw effeci% of increming the air charge
and scavenging the clearamx volume of a @roke+@.e
comprwi.on+nition engine having a verticaldiak form
Of combudion dumber.

Boo8t@7 the im%-air prw?ure with normal valve
timing increaiwd the indicated engiru power in propor-
tion to the adiiitionul air induAo? and resulted in

twnootherengine operaiion with I?.e.s8combustion shock.

Scavenging the clearance volume by wsing a valve
overlap of 146° and an inlet-air boo8t prewure of
approximately $+4 inch of mercury produced a net
increase in perjornwwe for cA3ar &ust opem.ticm of
93 perceni over that obtaind with norrmd valve timing
and the 8ame boost preiwure. The engine tt%ts indicaie
thd, with a lurge valve overlap, ,??J4incha of mercury
boo8t pressure ti suj%ient to 8cavenge’ compf.etdy the
clearance volume, and that the inawwe in engine power
e$ected by 8cuven@rq tlw cf.eurance volume, for a cw
etani fuel quantity, is more than twice wlud cd be
obtaiwd from the addiiW air charge alone. T7w

improved condndon characteridia result in lower
8ped$c jud corwumption, and a clearer exhuuat. The
8tarting and idling characienktim were not a~ectcd by
van”ation in boost pre+wure or by the use of scavenging
un”tha lurge valve overlup.

Anuly8i8 of the ezhaust of 8e8ercd compre88ion-
ignition engintx 8howed the carbon monox& gm con.-
teni! to be le48 than orw half oj 1 percent when operating
wiih a clear Aau9t.

INTRODUCTION

The work of tbe National Advisory Committee for
Aeronautics in developing the 4-stroke-cycle compres-
sion-ignition engine for aircraft use has been carried
on chiefly with two diflerent types of these engines.
The one type utilizes high velocity of air flow to obtain
the neces.wuy mixing of the air and fuel iu the com-
bustion chamber, while the other type has no effective
air flow at the time of the injection of the fuel and the
fuel itself must be distributed as uniformly as possible
to obtain the required mixture of air and fuel.

The lai%ar type of engine with its quiescent com-
bustion chamber has been used for a series of tests
which led to the development of multiple+oriiice nozzles
and verified the proportional-area principle for the
design of these nozzles as reported in references 1 and
2. After this work had been completed, attention
was turned toward increasing the amount of air
available for combustion as a mmns for increasing the
power developed.

It has become acoephd practice to increase the
power output of the spark-iition aircraft engine by
boosting the inlet-air pressure so that the engine will
induct more chaxge than would be inducted under
atmospheric pressure. The work of Schey and Young
(reference 3) with a spark-ignition engine has shown
the additional increase in engine power that may be
obtained by boosting when using a largo valve overlap
to effect better scavenging of the clearance volume.
They have pointed out that the ratio of the power -
with complete scavenging to that with normal scaveng-
ing should be equal to the ratio of the volumes of the
chaxge r/(r-l ) where r is the compression ratio.
This formula shows that with an increase in compres-
sion ratio the increase in power to be abtained de
creases; therefore, it does not seem to offer much
advantage for the compression-ignition engge on a
comparative basis with the spark-ignition engine.
However, boosting the air charge in a compression-
ignition engine showed better net fuel economy and
caused the engine ta operate with 1- combustion
shock (reference 4).

Boosting a 4-stroke compression-ignition engine not
only introduces more air per cycle for supporting
combustion, but it also reduces the proportional
amount of residual gases in the air charge, because
the amount of residual gases carried over is practically
constant depending upon the exhaust back pressure.
Aa the amount of residual gases left in the combustion
chamber is affected by a change of valve timing, the
engine perfomnance was investigated both with normal
valve timing and boosting and also with a large valve
overlap and boost prewwea to effect better scavenging
of the clearance volume.
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This irmestigation was conducted during 1931 and
1932 in the power plants laboratory of the National
Advismy Committee for Aeronautics at Langley
Field, Va.

APPARATUS AND METHODS

The engine and combustion chamber used in these
tests are described in references 1 and 2. The com-
bustion chamber @g. 1) is a vertical diskdaped space
formed between the valve heads and has a smooth,
flared oriiice cmmecting this space to the main cylinder.
The piston runs within mechanical clearance of the
cylinder head, insuring the displacement of the air
charge into the combustion chamber. For all the
test data presented in this report the compression
ratio was held constant at 12.6. Unk.s engine speed

from the individual orifices in a container with a long
neck shown in iigure 2. The sum of the weights of the
sprays from the individual orifices caught in tMa way
was within + 1 percent of the weight of the sprays from
all ori.iices caught simultaneously under the same con-
ditions. The areas of the orifices discharging insuffi-
cient fuel were increased until all spray discharges
were in the proper ratio. The nozzle as finally used
had two main oriiices of 0.020-inch diameter, two inter-
mediate oriiices of 0.01 l-inch diameter, and two out-
side oriiicea of 0.007-inch diameter. The oriilcea were
arranged symmetrically about the center line of the
nozzle with an an@e of 25° between adjacent axes.

With the injection system used for these tests tho
duration of injection for a fuel quantity of 0.000326
pound per cycle waa 24 crank degrees at 1,600 engine

FmcmE L-Combm&m chamber.

was the variable the speed was held constant at l,EiOO
r.p.m.

The fuel pump used for the tests was a cam-operated
plunger pump with a poppet by-pass control. A
spring-loaded automatic injection valve, set to open
at 3,000 pounds per square inch, was installed in the
top hole of the combustion chamber. The fuel-
injection valve nozzle used had six round-hole orifmes
arranged in a plane parallel to the heads of the exhaust
and inlet valves.

Observation of the fuel spray in the atmosphere
indicated that, as the areas of the oriiices were in-
creased for the greater discharge area required for
boosted operation, the flow of fuel from the large main
ori.ikes reduced the effective pressure on the other
orifices and therefore the fuel distribution did not
fulfill the requirements outlined in referenco 2. This
lack of proportion was verified by catching spraya

r.p.m. The fuels used were conventional Diesel-
engine fuels described in reference 5 as fuels no. 1 and
no. 2. The injection advance angle waa determined by
noting, with the aid of a Stroborazm+ the start of fuel
spray while injecting into the atmosphere.

I?@re 3 shows a flow-area diagram both for the
normal valve timing and for the valve-mwrlap timing
used for the engine tests. Tho ordinate represents the
area exposed to gas flow at the inner valve seat diam-
eters. For the valve-overlap setting the valve heads
were allowed to run within 0.016 inch of each other at
the point of closest travel. This condition allowed as
nearly as practicable a free path for the scavenging air
through the combustion chamber.

Figure 4 is a schematic diagram of the apparatus
used in conducting the tests. A Roots-type blower was
separately driven at the required speeds for supplying
air at prewures up to 10 inches of mercury. A 16-
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cubic-foot tank wcs connected in the air duct between
the blower and the engine for damp@g pulsations. A
mercury manometer was installed on the tank for
measuring the effective air-charging pressure. The
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length of the air duct between the tank and the engine
was reduced to 15 inches to minimize the induction-
wnve effect. A revolution counter operated through an
electro-magnetic clutch was used to record the blower

in boost pressure, but the variation for comparative
tests was negligible.

Gas samples were takqn at a point approximately
5 inches from the exhaust-valve port under conditions
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of variable-fuel quantity, with and without valve
overlap and with and without boost pre&ure. A steel
tube was used for conducting the gases to a sampling

bottle. A modified Omat gas-analysis apparatus
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revolutions during tLtest run. Slip-speed data taken
over n range of speeds enabled calculations to be made
for determining the air quantities delivered to the
engine. The air temperature and barometric pressure
vere used for determiningg air weights. The ah tem-
peratures were not controllable and the temperature
increased approximately 40° l?. for a maximumincrease

(reference 6) was used for analyzing the samples of
exhaust gaa.

For all conditions of engine operation the injection
advance angle was incieased until a light permissible
knock was heard or until the maximum cylinder pre
sure reached 900 pounds per square inch as recorded
by a modified Farnboro indicator. The limit of al-
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lowable injection advance angle as judged from the
sound of the engine was usually about 2° or 3° greater
than the earliest advance angle at which no lmock
could be heard.

The exhaust gases were observed during the engine
tests through a peephole located in the exhaust mani-
fold about 11 inches from the exhaust-valve port.
The limit of the clear-exhaust range, as used in the
discussion, was that marked by the iirst appearance of
short flashea of flame or of a slight haze.

The maximum cylinder pressur~ were obtained from
the readings of a trapped-pressure indicator and

~ 8’A in.Hg boosf press. gross
,Bg.:.-,, fief

———— No boosf

160— — — — — — — — y — — —

120

d:
Qi~80

F>
{

d d

fuel quanfify,lb./cycle

FIGURE&—Perhrmanm obti with and without Ix@ ~ (normal valve
tJm@ @ lWI r.p.m).

checked at intervals by a modified Farnboro indicator.
The trapped-pressure readings are 10 to 70 pounds per
square inch lower than the Farnboro readings.

All performance data shown in this paper are pre-
sented on a net basis by subtracting the power re-
quired by the blower. Unless otherwise stated, all
comparative data were obtainqd under comparable
engine operating conditions.

RESULTS AND DISCUSSION

Because of the accessory equipment driven by this
single-cylinder test unit, the mechanical efficiency is

COMMITTEE FOR AERONAUTICS

less than that obtained by a multicylinder engine,
The mechanical efficiency of this engine calculated
for full-load operation with no excess air is as follows:
77.0 percent for no boost and no valve overlap, 77.6
percent net for 8% inches of mercury boost and no
valve overlap, 78.6 percent for no boost and with valve
overlap, and 82.0 percent for 6)4 inches of mercmg
boost and with valve overlap.

F@re 5 shows the effect of boosting a compression-
ignition engine with normal valve timing. The curves
show that the gross brako mean effective pressure
when boosting is equal to the unboosted value for the
small fuel quantities The net brake mean effective
pressure, when boosting, ii less than when unboosted
for small fuel quantities but grater for all fuel quan-
tities above 0.00025. pound per cycle. This fuel
quantity corresponds to un exce9s nir quantity of 30
percent for the normal engine. It has been found from
the results of many tests that additional air increases
the brake performance of the normal engine only when
the engine is operated over a range of excess air from
O to 30 percent. Excess fuel does not improve engine
performance but may decrease the rate-of-pressure
rise. It would appear from the data for indicuted
mean effective pressure that boosting an engino using
normal. valve timing increases the capacity of the
engine and that the increase in indicated engine powor
is proportional to the additional amount of air inducted
for a condition of approximately full-load operation.
The balanced-diaphragm maxirnum+ylinder-pres.sure
indicator shows that the diilemnce in maximum oylin-
der pressure between individual cycles becomes con-
siderably less when the en=gineis boosted. The engine
operation becomes smoother with less combustion 0
shock for boosted conditions. Although these results
were obtained from tests at a compression rntio of
12.6, they should bo true for other compression ratios
mcept where other factors may have a grenter influ-
ence on the engine operation. When boosting the air
charge of n normally timed erqjne the proportional
amount of residual gases in the fresh charge decmnses
and, as will be discussed later, these gnses hnve an
effect on the combustion characteris~ics.

Figure 6 shows the increase in engine performance
with clear exhaust obtained by scavenging the com-
bustion chamber. At zero boost pressure them is
an increase in brake mean effective pressure and n
decrease in fuel consumption when scavenging, even
though the weight of air received by the engine is
less than when us@ normal valve timing. This
increase in brake mmn effective pressure shows that
the combustion characteristics are improved by the
removal of the rmidual gases. The clear-exhnust
performance for the large valve overlap increnses
very rapidly up to 2% inches of mercury boost pressure
and then incrensea very ,slowly for further boost
pressure. Thus it maybe concluded that at 2X inches
of mercury boost pressure the combustion chamber is
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practically completely scavenged of residual gasw
and rmy further increase in performance is due to
the additional air that can be trapped in the cylinder
as the induction pressure is increased. The recorded
compression pressures for scavenging operation show
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lower values than for normal operation for all boost
pressures, probably as a result of a decrease in the
air retained in the cylinder and of a loss of the heat
carried by the residual gases.

It should be noted that as the boost pn%mre is
increased the brake mean effective pressure with
clear exhaust and normal valve timing approaches
that obtained with valve overlap, and at some high
boost pressure would probably equal the brake mean
effective pressure with valve overlap. This condi-
tion is brought about mainly by the improved com-
bustion characteristics caused by the decreas@ pro-
portional amount of residual gasea. As the boost
pressure increases, there is inducted an increasingly
greater air charge, and M the weight of residual
gases is dependent upon the exhaust back pressure,
they remain practically constant and become a pro-
portionally smaller part of the new charge in the
cylinder. This decreased effect of the residual gases
for a boost condition is probably responsible to a

large degree for the smoother engine operation noted
in the previous discussion.

The compression-ignition engine always has a large
excess of air available when starting or idling and
the use of valve overlap does not require any special
arrangement or apparatus for maintaining a proper
mixture ratio. In the course of these tests the stan%
ing and idling characteristics of the engine were
quite satisfackmy and no difference could be de-
tected between starting or idling with normal valve
timing and with valve overlap. The variation in
boost pressure, as could be expected, had no effect
on either starting or idling.

Exhaust-gas analysis has shown that with clear
exhaust operation and normal valve timing the
compression-ignition engine has less than one half
of 1 percent carbon monoxid~ gas in the exhaust.
During a ted with the large valve overlap and a
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medium boost pressure enough excess fuel was in-
jected to show excessive smoke and flame in the
exhaust, but the exhausbgas analysis showed only
three quarters of 1 percent carbon monoxide gas.

Figure 7 shows the effect of scavenging the com-
bustion chamber by using 145° valve overlap and
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6% inches of boost pressure for variable fuel quantity.
The unboosted performance and the net performance
for 8% inches of boost pressure obtained ~th normal
valve timing are shown in comparison with the
scavenged net performance. It should be noted that
the scavenged performance is bettar than the un-
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scavenged performance for all fuel quantities. Figure
8 shows the net brake thermal efficiencies for these
data.

Figure 9 shows the comparative engine performance
for variable fuel quantity both for normal valve timing
and valve-overlap timing when no boost pressure is
used. The increase in engine performmce for a
scavenged condition is effective over the entire fuel
range even though there is less air trapped in the cylin-
der when using valve overlap as shown by the data for
zero boost pressure in figure 8. The increase in the
indicated mean effective pressure for all points, includ-
ing the small fuel quantities where the excess air in
the combustion chamber is more than 30 percent,
indicates quite deiin.itely that the combustion charac-
teristk are improved when some of the residual gases
me removed. The injection advance angle used was
lSO for both the normal valve timing and for the whw-
overlap data shown on this @e.

Figure 10 shows the effect of speed on eW”ne per-
formance with a boost pressure of 3 inches of mercury,
a valve overlap of 145°, and clear exhaust. For each
speed the maximum injection advance angle for smooth
operation was used, and this limitation made it neces-
sary to retard the advance angle as the speed of the
engine was reduced. The fuel quantity was increased
to the maximum that would allow clear exhaust for
each engine speed and the fuel quantity varied from
0.000256 to 0.0002S0 pound per cycle. For all practi-
cal purposes the fuel quanti~ could have been held
constant and then the brake-horsepower curve would
have been practically a straight line. The brake mmn
effective pressure remained fairly constant over the
range of speeds, as did the fuel economy. The brake

thermal efficiency of this engine for the entire speed
range was between 29 and 33 percent and the indicated
thermal efficiency varied from 33.7 to 40.2 percent.

In figure 11 are shown data taken under conditions
simulating propeller load when operating the engine
with the large valve overlap and a boost pressure
comparable with the pressure from a Roots-type
blower driven directly from the engine. The blower
used was oversize for the Singkcylinder engine and
it was only necessary to drive it at one third engine
speed. In accordance with the output of a suitably
sized and geared blower the boost pressures were
increased linearly from 3% inches of mercury at an
engine speed of 900 r.p.m: to 6% inches of mercury at
1,700 r.p.m. When making the propeller-load run,
the full-load rating of the engine was arbitrarily taken
to be 3S brake horsepower at 1,700 r.p.m. At this
rating there was a small amount of smoke and flame
present in the exhaust. The eshaust was clear for the
speeds less than 1,600 r.p.m., which indicates efficient
operation in the cruising range. For a range of speeds
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FIOUEX 9.-C@m@mn of engine performance nshrg normal v81v0 tlmlng and 146°
valve bverlap (no -1,540 r.p.m.).

horn 1,600 r.p.m. to 1,1OOr.p.m the fuel consumption is
between 0.47 and 0.435 pound per brake horsepower
per hour. The flatness of the fuel-economy curve for
variable speed indicates the desirability of this type of
engine operation for aircraft. In order not to exceed
an allowable knock, it was necessary to retard tlm
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InohdHgbwstEWSSIXO).

Engine speed, r-p. m.

F!awm11.–Eff@ of prcwlk lcadhg on @tie performance (14@ @ve OWMI
Inm9t PreSOm..356 inchesHgat KOr.pm. to 6$6inchMHgat1,~ r.p.m.).

injection advance angle for reduced speeds as
in the other variable+peed tests, but to a lesser
degree, owing to the reduction in fuel quantity
for the reduced speeds.

The friction mean effective pressures as af-
fected by spead, boost pressures, and valve over-
lap are shown in @ure 12. The values shown
are for the engine slonej as the blower was sep-
arately driven. Practically no difference is ob-
servable between the friction mmn effective
pressures for normal valve timing and for the
large valve overlap. Boosting the inlet pres-
sure decreasw the friction mean eifective pres-
sure becatie the induction air does work on the
piston. If the blower were geared directly to
the engine shaft, the values shown would of
course be increased by the amount of mean
effective pressure required to drive the blower.
For example, at 1,500 r.p.ro. and 8% inches of
mercury boost, the friction mean effective pres-
sure would be 36 pounds per square inch instead
of 27.

Figure 13 shows an indicator card taken with
the Farnboro indicator while obtaining the data
for figge 6. The performance values are 143.5
pounds per square inch indicated mean effective
pressure, 111 pounds per square inch net brake
m-can effective pressure, and a net specific fuel

consumption of 0.407 pound per brake horsepower per
hour with a clear exhaust. The boost pressure was 6!4
inches of mercury and the valve ovorlap 145°. The

v
I I

rO /fO b;osf
I

1=4-s0vahe v 3G h. ~g boosf P~S-
overlap + 6Yz - - “

~orm~, “[IV}: $% ;Oo:f “ ;
40 — a 5% in.Hg boosf press.—

fimingL~9 . ,. . .

f-.

R-,30 / =
~ / < N

q 0-‘
/ “H / ‘-

a!2(3
c
K

10
700 900 1100 1300 1500 f700

Gtgine speed r.p.m.

FmuP.B M—Effect of SW?& Iw’ot ~ and valve &nIng on LnLap.

multiplici~ of points on the indicator card shows the
large number of engine cycles used for recordiug this
pressure-time diagram and the small dispemion of the
poiqts indicates the regulari@ and consistency with “
which the pr-ure cycle repeated itself when the
engine was operating with boosting and valve overlap.

It may be noted that for 3 inches of boost pressure
and 1,500 r.p.m. the brake mean effective pressure on
figge 10 is 106 pounds per square inch; whereas for
the same boost pressure and speed, 112 pounds per
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square inch is shown on figure 6. The difference is
due principally to the use of two different fuels and
the different fuel quantities considered to give clear
exhaust. The fuels me noted as no. 1 and no. 2 in
reference 5. Fuel no. 1 has a longer iggtion lag and
therefore a faster rate-of-pressure rise and a greater
tendency to knock than fuel no. 2. Observations of
engine power and inspection of the exhaust show that
both fuels will carry the same load with practically
clear exhrmst up to flame start, but with fuel no. 2 a
haze precedes the start of flame as shown in figure 11.
The appearance of this haze maybe accounted for by
the shorter ignition lag of the fuel and the correspond-
ingly earlier occurrence of high temperatures due to
combustion, which would cause some of the fuel from
the latter part of the injection to pass through regions
of high temperature, and probably cause the formation
of free carbon particles. This early occurrence of high
tempcmdures would also tend to reduce the penetr~
tion and prevent some fuel from reaching sufficient
air for combustion.

Indicator cards taken during the variable-speed
teds showed that the rate-of-pressure rise in pounds
per degree of crank travel decreased as the engine
speed was increased. At 1,7oo r.p.m. there was prac-
tically no audible knock. Although it was not deemed
advisable to operate the single-cylinder teat engine at
higher speeds, there was nothing in the fuel systam or
engine combustion characteristics to indicate that
speeds higher than 1,700 r.p.m. could not be uset to
advantage.

In view of the cooling effects that result from scav-
enging the combustion chamber with fresh air and the
improved combustion characteristics resulting from
the removal of the residual gases, it was considered
advisable to investigate the heat loss to the cooling
system under conditions of normal valve timing and for
scavenging conditions when using valve overlap. It
was found that with normal valve timing the heat loss
to the coolant was 17.0 percent of the total heat of the
fuel, and by using the large valve overlap and a scav-
enging pressure of 3z inches of mercury this heat loss
was not materially reduced.

All the teat data herein reported were obtained at a
compression ratio of 12.6 but, for purposea of deter-
mining the optimum available compression ratio, com-
parative teats were made at a comprtion ratio of 15.0.
It was found that at the high compression ratio it was
not practicable to boost with normal valve timing, for
the reduction in ignition lag reduced the permissible
injection advance angle to a point where good distr-
ibution of the fuel throughout the air charge was not
possible in the time available, and the exhaust became
hazy for reasons previously stated. The use of a large

valve overlap allowed smoother boosted operation at
the high compression ratio than the normal valve
timing but, with either, the high comprwsion pressures
caused the mmdnmm cylinder pressures to be raised
from 150 b 200 pounds per square inch higher than at
the lower compression ratio, and the resultant engine
performance was not as good. For b~t engine opera-
tion the injection advance angle was increased to a
point where the indicator card showed the cylinder
pressure breaking away from the compression line
ahead of top center. For the compression ratio of
15.0 the injection advance angle was necessarily re-
tarded” below that used at the 10WW compression ratio
and, for a full-load fuel quantity and with optimum
injection advance angle, the maximum cylinder pres-
sure for the compression ratio was 1,000 poumb per
square inch.

The better engine performance at the 12.6 compr~
sion ratio indicates that a range of comprewion ratios
should be investigated so aa to establish the most ad-
vantageous balance between the requirements for fav-
orable combustion characteristics and the requirements
for proper formation of the necessary mixture of fuel
and air.

CONCLUSIONS

Boosting the air charge of a high-speed 4-stroke-
cycle compresion-ignition engine without removing
the residual gasw tends to make the engine operation
smoother, and for a vertical-disk form of combustion
chamber operated at a co,mpresion ratio of 12.6 the
indicated mmn effective pressure is increased in pro-
portion to the additional air inducted.

Removing the residual gases from the clearance vol-
ume of a compression-ignition engine improves the
combustion characteristic, results in decreased spe-
ciiic fuel consumption, and permits operating at
higher fuel quantities with a clear exhaust.

The residual gases can be removed eiiiciently from
the clearance volume of a high+peed, 4-stroke-cycle
compression-iggtion engine by using a valve overlap
of 145° and a pressure difference of from 2 to 5 inches of
mercury across the inlet and exhaust ports.

The increase in engine power effected by scavenging
the combustion chamber of a compression-iggtion
engine is greater than the increase that can theoreti-
cally be obtained by adding additional air equivalent
to the replacement volume of exhaust gase9.

The starting and idling characteristics of a compres-
sion-ignition engine are not affected either by boosting
or by scavenging with a large valve overlap.

The operation of this engine at n compression ratio
of 15 at high scavenging pressures was unsatisfactory
because of inferior performsace ‘and higher maximum .
cylinder pressures.
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The percentage of carbon monoxide gas in the ex-
haust of a compression-ignition engine when-operating
with a clear exhaust is less than one half of I percent.

4.

5.

6.

LANGLEY MmoErAL AERONAUTTti LABORATORY,
NATION.W ADvrsoriY Co~ E FOR AERONAUTICS,

LAWLBY F~LD, VA., June “IO, 19W.
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